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E-mail address: mvalega@ua.pt (M. Válega).Mercury concentrations were quantified in Halimione portulacoides (roots, stems and leaves) as well as in
sediments from eight Portuguese estuarine systems, covering seventeen salt marshes with distinct
degrees of mercury contamination. The concentration of mercury in the sediments ranged from 0.03 to
17.0 lg g1. The results show that the accumulation of mercury differed according to the organ of the
plant examined and the concentration of mercury in the sediments. Higher mercury concentrations were
found in the roots (up to 12.9 lg g1) followed by the leaves (up to 0.12 lg g1), while the stems had the
lowest concentrations (up to 0.056 lg g1). A linear model explained the relation between the concentra-
tions of mercury in the different plant organs: roots and stems ðR2adj ¼ 0:75Þ, stems and leaves
ðR2adj ¼ 0:85Þ and roots and leaves ðR2adj ¼ 0:78Þ. However, the results show that the variation of mercury
concentration in the roots versus mercury concentration in the sediments was best fitted by a sigmoidal
model ðR2adj ¼ 0:89Þ. Mercury accumulation in the roots can be described in three steps: at a low range of
mercury concentrations in the sediments (from 0.03 up to 2 lg g1), the accumulation of mercury in roots
is also low reaching a maximum concentration of 1.3 lg g1; the highest rates of mercury accumulation
in the roots occur in a second step, until the concentrations of mercury in the sediments reach approx-
imately 4.5 lg g1; after reaching this maximum value, the rate of mercury accumulation in the roots
slows down leading to a plateau in the concentration of mercury in the roots of about 9.4 lg g1, which
corresponds to a mercury concentration in the sediments of about 11 lg g1.
A linear model explained also the accumulation of mercury in leaves versus the mercury concentration
in the sediments ðR2adj ¼ 0:88Þ. Differences in responses of roots and leaves are explained by the dynamics
of the plant organs: old roots are mineralised in situ close to new roots, while leaves are renewed. Pre-
vious studies have already shown that H. portulacoides is a bioindicator for mercury and the results from
this work sustain that H. portulacoides may also be used as a biomonitor for mercury contamination in
salt marshes. Nevertheless, caution should be taken in the application of the models, concerning the life
cycle of the species and the spatial variability of the systems.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Salt marshes are highly productive communities which provide
several known ecological functions and represent an important
habitat for a high number of estuarine and marine species with
commercial value (Alongi, 1997). The high pressure caused by ur-
ban, industrial and agricultural development around coastal areas
has increased the vulnerability of this ecosystem due to the expo-
sure to both organic and inorganic contaminants from anthropo-
genic sources. In Portugal it is estimated by 2001 that 65% of the
population lives in the coastal area (Rosa and Vieira, 2003).
For a long time, salt marshes had been seen as unpleasant areas;
however, after the recognition of their ecological status, saltll rights reserved.
x: +351 234 370 084.marshes became communities to preserve and to monitor. Envi-
ronmental monitoring is essential to identify hazards to human
health and also to assess environmental cleanup efforts to prevent
further degradation of the ecosystems (Butterworth, 1995). The
European Water Framework Directive (WFD) highlights the estab-
lishment of monitoring programmes to transitional and coastal
waters in order to assess their ecological and chemical status.
According to Markert (2007), a bioindicator is an organism, a
part of an organism or a society of organisms which gives informa-
tion on the quality of its environment (qualitative information) and
a biomonitor is an organism (part of an organism or a society of
organisms) that quantifies the quality of its environment (quanti-
tative information). The use of biomonitors has been increasing
over the last years acting as a promising tool to identify potential
hazards to human health and to provide new environmental qual-
ity assessment approaches (Butterworth, 1995; Ferrat et al., 2003;
Melville and Pulkownik, 2006). Biomonitors have also been
Fig. 1. Map of Portugal with the sampling stations.
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temporal variations of the bioavailable fraction of the contami-
nants in the ecosystems (Rainbow and Phillips, 1993); in fact it is
the bioavailable fraction that has more toxicological relevancy
from the ecological point of view. The chemical analysis approach
by itself may not be enough to predict the effects of a certain con-
taminant (the bioavailable fraction) on the living organisms and
usually a complex set of speciation and fractionation studies are
required. According to Zhou et al. (2008), the physico-chemical
analysis can give detailed information about the metal species
and contamination levels of the ecosystem while biomonitoring
studies go further giving information about the bioaccumulation
level and integrated toxicological effects. Metals are preferentially
accumulated in the sediments but the bioavailable fraction is af-
fected by its physico-chemical characteristics such as pH, salinity,
particle size and organic matter (Rainbow, 1995). The exposure of
an organism to a contaminant is regulated by the amount of the
contaminant but especially by its bioavailability and time of expo-
sure (Powell, 1997).
The use of biomonitors in the field has several advantages since
contaminants bioavailabilities are highly dependent on environ-
mental conditions where abiotic and biotic factors are integrated.
As already referred, metal availability and subsequent uptake is
dependent on physico-chemical parameters of the sediment and
since plants can modify the surrounding environment and conse-
quently influence the bioavailable fraction, the bulk sediment ana-
lysis by itself may not measure the processes that may occur at the
membrane surface where the changes occur (Powell, 1997).
Macrophytes have been suggested as bioindicators of metal
contamination in coastal regions (Ferrat et al., 2003; Melville and
Pulkownik, 2006). A good candidate as a biomonitor should obey
a certain set of features such as a wide geographical distribution;
to be easy to identify and sample; it should not be seasonal and
it should be sufficiently long-lived, sedentary and available in such
a reasonable size that could provide enough tissues for analysis
and easy measurement of contaminants in their tissues without
risk of approaching detection limits and contaminations issues
(Rainbow, 1995).
Due to its high industrial value in the past, mercury was used in
several industrial processes which led to its dispersion in the envi-
ronment. Mercury is efficiently dispersed in the environment and
in fact it is estimated that 80% of the mercury in the biosphere is
due to anthropogenic sources (Mason et al., 1994). Once released
in the environment, mercury does not degrade and even in small
amounts biomagnifies through the food chain reaching dangerous
levels in predatory fish (Wiener et al., 2003). Sediments are consid-
ered to be the principal depository for mercury (Sadiq, 1992) and
despite reduction of anthropogenic emissions of mercury in the
last decades resulting from the application of restriction rules,
the mercury remaining in the sediments still is a concerning
problem.
Plants have been used for biomonitoring processes giving a
more time-integrated picture of the metal concentrations in the
sedimentary compartment (Rainbow, 1995). There is evidence that
plants may accumulate metals in their tissues (Weis and Weis,
2004; Válega et al., 2008a) and that rooted submerged macro-
phytes take up the bioavailable fraction of the metals from the sed-
iments and interstitial waters. H. portulacoides (Caryophyllales:
Chenopodiaceae) (common name: sea purslane) is a perennial salt
marsh plant with a wide geographical distribution in the European
salt marshes, being one of the most abundant (Bouchard et al.,
1998; Caçador et al., 2007).
H. portulacoides presents a clear seasonal variation in its grow-
ing cycle, ranging between 978 and 1804 g DWm2. Above ground
biomass increased from late spring to early summer, and then
gradually decreased until late winter (Válega et al., 2008b). Thesame pattern was observed in French salt marshes (Bouchard
and Lefeuvre, 2000).
The aims of this study were: (i) to determine mercury concen-
trations in salt marsh sediments vegetated by H. portulacoides
along the Portuguese coast; (ii) to evaluate mercury concentrations
in the different organs of the plant; (iii) to evaluate the potential
use of H. portulacoides as mercury biomonitor of salt marsh sedi-
ments. To achieve the above-mentioned objectives, H. portulacoides
was sampled from North to South of Portugal in eight estuaries
with different degrees of mercury contamination, and in each sys-
tem two or more stations were assessed.
2. Material and methods
2.1. Study areas
This study was carried out along the coastal zone of Portugal
(Fig. 1). Seventeen salt marsh stations from eight distinct estuarine
systems were selected, namely, Cávado (41310N 8460W – S1), Ria
de Aveiro (40430N 8370W – S2; S3; S4; S5), Mondego (40070N
8480W – S6; S7), Tagus (38380N 9070W – S8; S9; S10), Sado
(38310N 8460W – S11; S12), Mira (37430N 8460W – S13; S14),
Ria Formosa (37000N 7580W – S15; S16) and Guadiana estuary
(37130N 7250W – S17). With the exception of Mira (S13; S14)
and Guadiana (S17), all stations are located nearby large urban
areas and subjected to industrial, agricultural and fisheries activi-
ties. Cávado, Tagus and Sado are also subjected to harbour associ-
ated activities, like naval industry, and Ria de Aveiro and Tagus
estuaries were in the past subjected to mercury contamination
due to the presence of chlor-alkali plants.
2.2. Sampling and analytical methods
Sampling took place during late autumn and winter seasons (to
exclude the growing season of the plants) and the samples were
randomly collected in the salt marsh areas during low tide. Five
replicates of sediments (15 cm depth) and plants biomass (below
ground and above ground biomass) distanced by 15 m at least
were always sampled. The sampled sediments were dried at
45 C, homogenised and sieved (1 mm) in order to eliminate roots
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Fig. 2. Total mercury concentrations in the sediments (lg g1 ± stdev) colonised by
H. portulacoides.
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under a flux of water using a 250 lm mesh size and rinsed with
ultra-pure water to remove any adhering particles of sediments.
Above ground biomass was also carefully rinsed with ultra-pure
water and leaves and stems were separated. Any adhering material
to the external surfaces like epiphytes was removed by moderate
scraping. Biomass material was oven dried at 45 C and homoge-
nised for further mercury determinations.
Mercury concentrations in sediments and biomass samples
were determined by atomic absorption spectrometry with thermal
decomposition of the sample (LECO AMA 254) according to Costley
et al. (2000). This analytical methodology is simple and based on a
thermal decomposition of the sample and collection of the mer-
cury vapour on a gold amalgamator. The sample is first dried at
120 C prior to combustion at 680–700 C in an oxygen atmo-
sphere. The mercury vapour is collected in a gold amalgamator
and after a pre-defined time (45 s) the gold amalgamator is heated
at 900 C. The released mercury is transported to a heated cuvette
(120 C) and then analysed by atomic absorption spectrometry
(AAS) using a silicon UV diode detector. Operational conditions
used included a drying time of 10 s; decomposition time of
150 s; waiting time of 45 s and the amount of samples used ranged
between 50 and 500 mg.
The major advantage of using this technique is that it does not
require complex manipulation of the sample, such as digestion
processes, avoiding contaminations issues.
The precision of a method relies on the dispersion of the repli-
cate results. In this work, each sample was always analysed at least
in triplicate and the results rejected if the coefficients of variation
(standard deviation/average * 100) were higher than 10%. Accuracy
of the results was achieved by the analysis of Certified Reference
Materials (CRMs) PACS 2, MESS 3 (marine sediments for the sedi-
ments) and BCR 060 (trace elements in an aquatic plant for the
plant biomass) every day at the beginning and at the end of the
day. Certified and measured values were always in agreement with
recoveries ranging between 92% and 95%, 100% and 110%, and 90%
and 100% for MESS 3, PACS 2 and BCR 60, respectively. Procedural
blanks were carried out between samples to avoid cross contami-
nation. Calibration was periodically checked using standard solu-
tions, prepared from a 1000 mg l1 mercuric nitrate standard
solution (BDH), diluted in ultra-pure water acidified with HNO3
(2% Hg-free).3. Results
3.1. Mercury concentrations in sediments
Significant differences were found between the sampling sta-
tions (p 6 0.001). The range of mercury concentrations found in
the salt marsh sediments along the Portuguese coast was high
(Fig. 2). Mercury concentrations ranged between 0.03 and
17 lg g1, with the highest concentrations found in four stations
(S2; S3; S4; S5) of the Ria de Aveiro followed by one station located
in the Tagus estuary (S8 – Rosario salt marsh). From the stations
located in the Ria de Aveiro, it was possible to observe a gradient
of metal contamination. Station 2 presented the highest values
(15.6 ± 1.0 lg g1) while station 5 the lowest one (1.9 ± 0.1 lg g1).
Station 3 and station 4 presented similar concentrations of mer-
cury, 7.5 ± 1.9 and 7.7 ± 0.4 lg g1, respectively. These differences
denote a contamination gradient according to the distance to the
point source of mercury into the system, S2 being the closest and
S5 the furthest as observed in a previous work (Válega et al.,
2008c). In Tagus estuary, significant differences were observed be-
tween the three sampling stations although the mercury values
found in Rosario (S8) and Corroios (S9) salt marshes were muchhigher than those observed in the Hortas station (S10). The lowest
mercury concentrations were found in Cávado, Mondego, Mira and
Ria Formosa salt marshes. According to the Portuguese classifica-
tion for mercury concentrations in dredged sediments, it was pos-
sible to identify different types of sediment classes along the
Portuguese coast. The classification of sediments is made in classes
from 1 to 5 regarding their degree of contamination: the least con-
taminated is classified as class 1 (<0.5 lg g1), followed by class 2
(0.5–1.5 lg g1), class 3 (1.5–3.0 lg g1) and class 4 (3.0–
10 lg g1); the most contaminated is class 5 (>10 lg g1). Most
of the stations were classified as class 1 (S1; S6; S7; S10; S12;
S13; S14; S15; S16), three as class 2 (S9; S11; S17), one as class 3
(S8), three as class 4 (S3; S4; S5) and only one station was classified
as class 5 (S2). The values found in S2, S3 and S4 (7–17 lg g1) lo-
cated in Ria de Aveiro can be considered extremely high and
according to the Portuguese classification, it reveals that is an area
requiring a special concern in order to avoid future environmental
problems.
3.2. Mercury concentrations in H. portulacoides
Results concerning mercury accumulation in H. portulacoides
showed that it occurs mainly in the roots. Mercury concentrations
in the roots ranged between 0.01 and 12.9 lg g1 (Fig. 3a), fol-
lowed by the leaves, 0.009 and 0.12 lg g1 (Fig. 3b) and stems,
0.002 and 0.056 lg g1 (Fig. 3c). The highest values of mercury in
the different organs of the plant were found in Ria de Aveiro and
in one station of Tagus estuary (S8 – Rosario salt marsh), as ob-
served for the mercury concentrations in the sediments. A linear
regression model was found to fit well the relations between the
concentrations of mercury in the different plant organs and be-
tween the mercury concentrations in roots and stems (Fig. 4a,
R2adj ¼ 0:75), stems and leaves (Fig. 4b, R2adj ¼ 0:85) and roots and
leaves (Fig. 4c, R2adj ¼ 0:78).
3.3. Mercury concentrations in the plant and in the surrounding
sediments: H. portulacoides as a biomonitor
In order to evaluate the response of H. portulacoides (roots and
leaves) to mercury concentrations in sediments, a linear model
and a sigmoidal model were tested and compared. The adjusted
correlation coefficients ðR2adjÞ were calculated between: (a) roots
and sediments and between leaves and sediments, in order to find
the model with the best fit to our data. All independent values
were used for each station and not the mean values. The variation
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Fig. 3. Total mercury concentrations (lg g1 ± stdev) in the different organs of H.
portulacoides (a) roots; (b) leaves; (c) stems.
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Fig. 4. Correlation coefficients of mercury concentrations between (a) roots and
stems of H. portulacoides, (b) stems and leaves of H. portulacoides and (c) roots and
leaves of H. portulacoides
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tion in the sediments was best fitted by a sigmoidal model equa-
tion (Fig. 5a, R2adj ¼ 0:89).
As shown in Fig. 5a, mercury accumulation in the roots can be
described in three steps: at a low range of mercury concentrations
in the sediments (from 0.03 up to 2 lg g1), the accumulation of
mercury in roots is also low reaching a maximum concentration
of 1.3 lg g1; in a second step the rate of mercury accumulation
in roots attains its maximum value until the concentration of mer-
cury in sediments reaches approximately 4.5 lg g1; after this
maximum the accumulation of mercury in the roots slows downleading to a plateau in the concentration of mercury in the roots
of about 9.4 lg g1, which corresponds to a concentration of mer-
cury of about 11 lg g1.
With respect to the relation between the mercury concentra-
tions in leaves versus the concentrations in sediments, the best
model explaining was the linear regression model ðR2adj ¼ 0:88Þ as
shown in Fig. 5b.
The ratios of mercury concentrations between the organs of the
plant and sediments are indicative of the metal transfer from the
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Fig. 5. Correlation coefficients of mercury concentrations between (a) sediments
and roots of H. portulacoides, (b) leaves of H. portulacoides and sediments vegetated
by H. portulacoides.
Table 1
Accumulation factors of mercury (average values for each station) for the different
organs of H. portulacoides
Station Accumulation factor
Roots/sed Roots/leaves Leaves/stems
S1 0.3 0.7 4.5
S2 0.7 91.1 2.8
S3 1.0 152.4 2.0
S4 0.6 120.3 2.1
S5 0.8 51.8 1.6
S6 0.8 4.4 4.4
S7 0.7 3.3 4.3
S8 1.4 66.9 2.8
S9 0.2 8.9 4.8
S10 0.8 6.4 4.4
S11 0.1 2.0 3.3
S12 1.0 12.3 4.2
S13 1.1 4.7 3.8
S14 0.4 1.8 3.1
S15 2.2 14.4 2.5
S16 1.7 12.0 3.2
S17 0.6 24.9 2.8
1228 M. Válega et al. / Chemosphere 73 (2008) 1224–1229sediment to the plant and give information about the accumulation
of the metal by the plant. Accumulation factors were calculated by
the ratio between metal concentrations in roots and sediments as
well between as roots and leaves and between leaves and stems
(Table 1). H. portulacoides does not accumulate high amounts of
mercury in the different organs. The bioaccumulation factor ob-
served for the roots with respect to the sediments ranged between
0.1 and 2.2 (median value 0.8). Accumulation factors of mercury in
the roots relatively to the leaves ranged between 0.7 and 152
(median value 12) which is an indicative of the low translocation
of mercury inside the plant. Lowest differences were observed be-
tween the stems and the leaves; however higher accumulation fac-
tors were found in leaves ranging between 1.6 and 4.8 (median
value 3.2).
4. Discussion
Mercury concentrations in the sediments clearly identify the
Portuguese hotspots of mercury: the Ria de Aveiro and the Tagus
estuary, due to chlor-alkali plant discharges in the past (Pereira
et al., 1998; Canário et al., 2005). As mentioned by Covelli et al.
(1999), marine sediments contaminated by industrial effluents
can constitute a secondary source of mercury to the aquatic eco-
systems even after the discharges have been ceased. The results
show that sediments are the main compartment for mercury accu-
mulation in salt marshes and represent the major reservoir of themetal. The highest levels of mercury contamination were observed
in stations S2, S3 and S4 which are located in a confined area of Ria
de Aveiro where several works have been reporting the contamina-
tion levels in the different compartments of the system (Abreu
et al., 2000; Coelho et al., 2006; Ramalhosa et al., 2006; Válega
et al., 2008a). Concerning mercury accumulation in H. portulaco-
ides, results showed that it occurs mainly in the roots which is also
in agreement with observations for other salt marsh species (Weis
and Weis, 2004; Válega et al., 2008a). The lower mercury accumu-
lation in leaves is probably due to their constant renovation, while
the lowest accumulation in stems is probably due to the fact that
this organ is considered to be a transport organ for fluids and not
a storage organ. The good correlations found between the stems
and the leaves are an indicator that mercury concentrations in
the leaves are probably due to translocation from the roots and
not due to deposition of atmospheric mercury or absorption by
the leaves during high tide. Nevertheless, the deposition process
cannot be excluded but probably is not a major process.
Despite the fact that mercury concentrations in the organs
(roots and leaves) of H. portucaloides increased with the increment
of mercury in the sediments, two different response models were
observed. Mercury concentrations in the roots versus the concen-
tration in sediments followed a sigmoidal model. Similar to a cali-
bration curve (imaging H. portulacoides roots as a biological sensor)
at low concentrations, the accumulation in the roots is low and
does not show a linear response, suggesting mechanisms of de-
fence from the plant to avoid toxic concentrations. Above the con-
centration of 9.4 lg g1, the concentration of mercury in the roots
no longer increases with the increment of mercury in the sedi-
ments, showing a maximum constant response. This is probably
due to the turnover rate of mercury between roots and the sedi-
ments. On the other hand, mercury concentrations in leaves versus
the concentration at the rhizosphere followed a linear model. Dif-
ferences in responses of roots and leaves are explained by the
dynamics of the plant organs. Mercury accumulated in the below
ground part of the plant is quite mobile and mostly returns to
the sediment pool through the mineralisation process. According
to Pereira et al. (2007), the decomposition of roots of H. portulaco-
ides corresponded closely to 42–46% of mass lost (dry weigh) in the
first months.
Due to the positive linear correlation coefficients between the
mercury concentrations in roots, leaves and sediments, H. portula-
coides can be suggested as a suitable biomonitor for mercury in salt
marshes. However, the application of the model should be cautious
and some aspects should be taken into account namely: the life
M. Válega et al. / Chemosphere 73 (2008) 1224–1229 1229cycle of the species, and the variability in environmental contami-
nation. Explicitly, during the growing season results may be under-
estimated due to the fast increase in biomass which may promote a
dilution in the effect on the accumulated mercury, while the spa-
tial variability of the system should be taken into account during
sampling procedure, especially in areas with a high level of con-
tamination. On the other hand, although leaves showed higher cor-
relation coefficients with mercury concentrations in sediments,
roots should be preferred for environmental evaluation whenever
atmospheric deposition of mercury is significant.
The results obtained in this work show that the sampling of salt
marsh plants must be done carefully and a high number of field
replicates are recommended in order to reflect the high spatial var-
iability of these ecosystems. Coefficients of variation (standard
deviation/average * 100) were calculated for the results in order
to assess the spatial variability of each system. According to the re-
sults, it was possible to conclude that in some systems, indepen-
dently of the degree of contamination, the spatial variability can
be extremely high. In sediments the coefficients ranged from 4%
to 31% while in roots the coefficients were found to vary between
20% and 54%. Low values were found in the leaves (3–21%) and
stems (4–34%). This variability can be related with the system var-
iability caused by the dispersion of the contamination into the sys-
tem and with the genetic variability of the plants besides their age.
An important advantage of this work is the fact that it is a field
work. Laboratory tests have their limitations and the results are
usually dependent on several variabilities including the test condi-
tions which may be different from the natural conditions. Labora-
tory test tends to be more conservative and usually are performed
in a short period of time (Powell, 1997).
5. Conclusion
As a main conclusion of the present work, H. portulacoides, pre-
viously described as a bioindicator, can also be used as a biomon-
itor for mercury contamination in salt marshes. Leaves responded
following a linear model for a sediment contamination range be-
tween 0.03 and 17.0 lg g1, while roots responded according to a
sigmoidal model. Even though, the application of the models
should take into consideration the life cycle of the plant, H. portu-
lacoidesmay be considered an appealing tool for mercury pollution
assessment and evaluation in salt marsh ecosystems.
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